Context: Recent clinical and laboratory studies suggested that women with BRCA mutations have lower ovarian reserve and their primordial follicle oocytes may be more prone to DNA damage; however, direct proof is lacking.
current literature suggests that in addition to their increased risk for multiple malignancies, women with germline mutations in BRCA genes may have reduced ovarian reserve. Several clinical and experimental animal studies, including ours, found an association between BRCA mutations and diminished ovarian reserve and accelerated ovarian aging (4) (5) (6) (7) (8) . Furthermore, we showed that the primordial follicle reserve of BRCA1-mutant mice was lower than that of wild-type mice, and their oocytes showed higher degrees of DNA damage with age (6) .
In clinical studies, researchers evaluated serum antiMüllerian hormone (AMH) levels as the primary outcome measure of the status of ovarian reserve. Although AMH is currently the best available serum marker of ovarian reserve, it still provides an indirect assessment of primordial follicle population (9) . In addition, confounders such as oral contraceptive pill (OCP) use or the presence of polycystic ovary syndrome may distort serum AMH levels (10, 11) . Hence, the assessment of ovarian reserve by AMH may still not be precise and may be subject to bias.
In this study, we aimed to directly determine whether primordial follicle reserve is reduced in the ovaries of women with BRCA mutations and whether the presence of such mutations is associated with increased DNA damage in primordial follicle oocytes. We hypothesized that in the ovaries of women with BRCA mutations, the primordial follicle reserve is lower than in ovaries of controls and that they are more prone to DNA damage because of lower efficiency of DNA repair.
Materials and Methods

Materials
The institutional review board at Brigham and Women's Hospital/Harvard Medical School approved the histological and immunohistochemical analysis of ovarian sections from BRCA mutation carriers (BMCs). Because the samples were deidentified and the tissue blocks were archival, no consent form was required. The study of ovarian tissue of nonliving cadavers was exempt because institutional review board review applies only to living subjects and no identifiable data were used.
A total of 230 ovarian specimens from women who were BMCs and who underwent risk-reducing salpingo-oophorectomy (RRSO) between 2005 and 2012 were identified from the pathology archive of Brigham and Woman's Hospital. Pathology reports and available clinical history were reviewed. Of these, 18 with BRCA1 (n = 13) or BRCA2 (n = 5) mutations met the study inclusion criteria of (1) age 18 to 40 years, (2) no history of cancer, (3) no ovarian pathology, and (4) no prior chemotherapy or radiation exposure.
Healthy ovaries obtained from Liveon.org (formerly NY Organ Donor Network), which were harvested from organ donor cadavers who died of nonsystemic causes meeting the same criteria, were identified and served as controls (n = 12).
Information on age, parity, smoking, and OCP use was also recorded for BMCs. However, except for age, this information was not available for the control group. The archived ovarian specimens of BMCs were previously examined by the Pathology Department at Brigham and Women's Hospital and were confirmed to be free of any malignancy or other abnormalities.
Methods
Calculation of primordial follicle density
Entire formalin-fixed and paraffin-embedded tissue blocks from each ovary were serially sectioned at 5-mm thickness followed by staining with hematoxylin and eosin (12) . Because the mean diameter of a primordial follicle is 39.5 6 7.6 mm, with a largest diameter of 49 mm, every 10th section (50 mm apart) was reviewed to determine the follicle counts (13) . The counts were the average of those obtained by three independent observers who were blinded to group assignment.
A primordial follicle was defined as an oocyte surrounded by a single layer of flat pregranulosa cells (14) . To avoid duplication, a primordial follicle was counted only in the section in which the nucleus was visible. The counts were performed under 320 objective of an optical microscope. Primordial follicle density was calculated by dividing the total number of primordial follicles by the total volume of evaluated ovarian cortex and was reported as the number of follicles per millimeter cubed (follicles/mm 3 ) (15).
Assessment of DNA DSBs
H2AX is one of the variants of the nucleosome core of histone H2A. Upon formation of DNA DSBs, H2AX is phosphorylated (and is then termed gH2AX) and forms foci at DNA DSB sites. These foci have been shown to closely reflect the extent of DNA damage when visualized by immunohistochemistry utilizing anti-gH2AX antibodies (16) . To determine DNA DSBs in primordial follicles, we stained every 10th section with an anti-gH2AX antibody (IHC-00059; Bethyl Laboratories, Montgomery, TX; 1:500 dilution) followed by counterstaining with hematoxylin. Primordial follicles with oocytes that stained for gH2AX antibody were considered "gH2AX-positive" as per the methodology we previously described (6) . The counts were the average of those obtained by three independent observers who were blinded to group assignment. The percentage of gH2AX-positive primordial follicles was calculated to represent the extent of DNA DSBs as previously described by us (6) .
Statistical analysis
NCSS Software version 10 (NCSS, Salt Lake City, UT) and SAS Software version 9.0 (SAS Institute, Cary, NC) were used for statistical analysis. The study was powered at 90% for detecting a 25% lower primordial follicle density in the BMC group compared with the control group, which required a minimum number of 10 in each group.
For mean comparisons with data distributions consistent with normality, the Student t test was used. Because the decline in the follicle pool with age is exponential, primordial follicle density and percentage of follicles with H2AX positivity were natural log-transformed to examine correlation with age using linear regression analysis (17) . The cutoff for statistical significance was P , 0.05. All linear regression and multivariate analyses were conducted on natural log-transformed data for the outcome measures of primordial follicle density and percentage of follicles with H2AX positivity.
Results
Study population
The mean age of the BMCs (36.5 6 4.7 years; range, 24 to 40 years; n = 18) and the control group was similar (33 6 5.8 years; range, 23 to 40 years; n = 12) (P = 0.3000). Of the BRCA carriers, 16 of 18 were parous and none were smokers. The latter information was not available from organ donor cadavers.
Primordial follicle density
On histological analysis, ovaries from BMCs showed significantly lower mean primordial follicle density compared with those of controls (11.2 6 6.7 vs 44.18 6 6.1 follicles/mm 3 , respectively; P = 0.0002) (Fig. 1A ). When the analysis was repeated on the basis of type of BRCA gene mutated, the difference in primordial follicle density remained significant both for BRCA1 (P = 0.0001) and for BRCA2 (P = 0.0003) compared with controls ( Fig. 1B21D) . Comparisons between the BRCA1 and BRCA2 subgroups showed no significant difference in primordial follicle density.
To establish that the rate of age-related follicle reserve decline was accelerated in BMCs, we first performed linear regression to determine the slope of decline and show the correlation of age with primordial follicle density in both groups. Linear regression showed that primordial follicle counts decreased in an exponential fashion by age in both BRCA1/2 carriers (slope = 20.1270; R 2 = 0.57; P = 0.0003) and controls (slope = 20.0634; R 2 = 0.38; P = 0.0321). We then compared the slopes of decline between the groups by multivariate analysis. We found that the slope of follicle decline was significantly steeper in the BMCs than in the controls (R 2 = 0.74; P = 0.0001), suggesting that primordial follicle density was declining faster in BRCA1/2 mutation carriers than in controls (Fig. 1E) .
When the linear regression analysis was limited to those over the age of 30 years, the slopes of age-related decline became more prominent in the BRCA1/2 carriers (slope = 20.2243; R 2 = 0.65; P = 0.0002) than in controls (slope = 20.051; R 2 = 0.11; P = 0.38). The comparison of these slopes by multivariate analysis again indicated significant difference in the rate of decline, suggesting faster follicle loss in the BMC group with age .30 years (R 2 = 0.70; P = 0.0001).
DNA damage in primordial follicles
The immunohistochemical assessment of gH2AX expression revealed a significantly higher percentage of primordial follicles with DNA DSBs in the ovaries of all BMCs compared with those of controls (59% 6 5% vs 35% 6 3%; P = 0.0005) ( Fig. 2A) . When we repeated the analysis according to the type of BRCA gene mutated, this difference persisted for BRCA1 (P = 0.0003) but not for BRCA2 gene mutations (P = 0.2000) (Fig. 2B ) compared with controls.
To establish that the rate of DNA damage accumulation was accelerated with age in BMCs, we first performed linear regression to determine the slope of DNA damage accumulation and show the correlation of age with gH2AX expression in primordial follicles in both groups. Linear regression showed that the percentage of gH2AX-positive primordial follicles increased in an exponential fashion by age in both BRCA1/2 carriers (slope = 0.053; R 2 = 0.40; P = 0.0045) and controls (slope = 0.0390; R 2 = 0.39; P = 0.0301). We then compared the slopes of decline between the groups by multivariate analysis. We found that the rate (slope) of the age-related increase in oocyte DNA damage was significantly steeper in BMCs than in controls (R 2 = 0.57; P = 0.002), suggesting that primordial follicle oocytes in BMC ovaries are more prone to accumulating DNA damage (Fig. 2C ).
When the linear regression analysis was limited to those over the age of 30 years, the slope of age-related accumulation of DNA damage became more prominent in the BRCA1/2 carriers (slope = 0.1263; R 2 = 0.74; P = 0.0001) and controls (slope = 0.084; R 2 = 0.55; P = 0.0219). The comparison of these slopes by multivariate analysis again indicated a significant difference in the rate of accumulation, showing further increased age-related liability of primordial follicle oocytes to DNA damage in the BMC ovaries from women aged .30 years (R=0.74; P = 0.0022).
Discussion
In this laboratory study, we found that the ovaries of otherwise healthy women aged 18 to 40 years with BRCA mutations had fewer primordial follicles and increased oocyte DNA damage than controls. Moreover, we found that the accumulation of DNA DSBs, as represented by gH2AX protein expression, was accelerated in the primordial follicle oocytes of women with BRCA mutations compared with controls. This is a direct demonstration of reduced primordial follicle reserve and increased oocyte DNA damage in ovaries of BMCs, indicating accelerated ovarian aging. Age-related decreases in the numbers of ovarian follicles leading to irregularity in cycles and eventually to cessation of menses can be defined as ovarian aging. In parallel, there is a decline in oocyte quality that leads to a gradual decline in fertility (18) . The growth rate and atresia of the primordial follicles are regulated by many intra-and extra-ovarian factors (19) (20) (21) (22) .
The questioning of the relationship between BRCA mutations and ovarian aging began with our earlier observations of lower response to ovarian stimulation in women with breast cancer undergoing fertility preservation with embryo and oocyte cryopreservation (4). This led us to prospectively compare serum AMH levels Figure 2 . Effect of BRCA mutations on DNA damage in primordial follicle oocytes. (A) The proportion of gH2AX-positive primordial follicle oocytes was higher in the ovaries of BMCs than in the ovaries of controls (59% 6 5% vs 36% 6 3%; P = 0.0005). (B) Compared with controls (36% 6 3%), a higher likelihood of DNA DSBs was observed in the primordial follicle oocytes of the BRCA1 subgroup (63% 6 5%; P = 0.0003) but not the BRCA2 subgroup (51% 6 11%; P = 0.24). The error bars represent standard error of the mean. Statistical significance is denoted by asterisks (*). between women with breast cancer diagnoses who did carry BRCA mutations and those who did not (6) . We found that serum AMH levels were lower in women carrying the BRCA1 but not the BRCA2 mutation. A later retrospective study reported that serum AMH concentrations of 41 healthy BMCs were similar to those of 324 noncarrier women matched for age (23) . However, that study was criticized for using an ill-defined control group, inclusion of patients with polycystic ovary syndrome, and lack of adjustments for other important confounders (24) . In contrast, Wang et al. (7) demonstrated lower serum AMH levels among 89 unaffected women with a BRCA mutation compared with 54 controls. Their subgroup analysis revealed that this difference was specific to women with BRCA1 mutations (n = 62). In a very recent study including 319 BMCs, the association between carrier status and AMH concentration was analyzed by linear regression after adjustments for age, body mass index, OCP use, and smoking (8) . The authors reported that BRCA1 mutation carriers had 25% lower AMH concentrations on average than noncarriers. In that study, there was no significant association between BRCA2 mutation status and serum AMH level.
Studies utilizing serum AMH levels are in keeping with several reports that showed that unaffected women with BRCA mutations experience earlier menopause (5) . We compared the age at menopause of 282 unaffected BRCA carriers with that of 765 healthy controls from the SWAN study and found that on average those with BRCA mutations experienced menopause 3 years earlier than controls. Likewise, Finch et al. (25) studied 908 BMCs and found that the mean age of menopause was 1 to 1.5 years earlier than in controls. Although another study comparing the percentage of women reaching menopause in BMC and control groups initially did not find a difference, the study was limited by the fact that only 19% of the entire population reached menopause during the study. The same authors later completed an AMH analysis on the same cohort and found the levels to be 25% lower in BRCA1 carriers (8) . Furthermore, a recent large, genome-wide association study found single nucleotide polymorphism in BRCA1 and related DNA DSB repair genes had strong associations with age at menopause (26) .
As the foregoing discussion strongly suggests, the preponderance of clinical studies point to lower ovarian reserve among women with BRCA mutations. These observations have also been confirmed in transgenic animal models. We demonstrated that the number of superovulated oocytes, litter size, and primordial follicle density were reduced in BRCA1-but not BRCA2-mutant mice compared with wild-type mice (6) . Moreover, the primordial follicles of BRCA1-mutant mouse ovaries accumulated more DNA DSBs with age.
The major strengths of our study include the utilization of risk-reducing oophorectomy samples from BMCs and the availability of rare age-matched cadaveric organ donors with no ovarian pathology to serve as controls. In a histological study of ovaries with benign and cancerous lesions in both BRCA mutation2positive and 2negative women, in which ovarian specimens removed for benign ovarian conditions served as controls, primordial follicle density was found to be lower in ovaries of those with malignancy and BRCA mutations. However, because all control and mutation carrier samples contained an ovarian pathology, the difference in follicle counts could not be clearly attributed to the presence of BRCA mutations (27) . Our study design ensured that any benign or malignant lesions did not confound the primordial follicle measurements. Moreover, our study demonstrated that both the rate of follicle loss and the accumulation of DNA damage were accelerated in the ovaries of women with BRCA mutations.
Another strength of our study is that the formalinfixed and paraffin-embedded blocks of the whole ovaries were serially sectioned and examined to ensure a reliable estimation of primordial follicle reserve. Furthermore, three observers who were blinded to the source or diagnosis independently evaluated the slides.
Although this study has important implications, it also has several limitations. Because of the dearth of ovarian specimens from both BRCA mutation2positive young women and controls, the sample size was relatively limited. Although our study was sufficiently powered to assess differences in primordial follicle density between carriers and controls and the strong R 2 values indicate the robustness of our results for the main outcome measures, it did not have sufficient power for subgroup comparisons. As a result, we cannot determine any differential effect of BRCA1 vs BRCA2 mutations on ovarian reserve with great certainty, though the totality of the evidence suggests that BRCA1 mutations may play a more prominent role in ovarian aging. Because we do not have information on women younger than 24 years with germline BRCA mutations, we also cannot determine whether these women had lower primordial follicle endowment to begin with or the difference was due solely to faster rate of follicle loss after the establishment of that reserve. This information may not be feasible to obtain in humans because BRCA testing or RRSO is not performed in minors and because physiological primordial follicle reserve loss begins in utero. Furthermore, the two consequences of severe unrepaired DNA damage are cell senescence and apoptotic death (28, 29) . Given the limited nature of the human material from BRCA mutation2positive ovaries, we could not study the specific mechanism of accelerated follicle loss. It is probable that both contribute to the diminished ovarian reserve in the presence of diminished DNA repair caused by BRCA mutations, and these should be addressed in future studies.
The fact that controls were not screened for BRCA mutations may also be perceived as a weakness. The likelihood of the presence of BRCA mutations in an organ donor population free of cancer is highly unlikely, as the incidence in the general population is 0.1% to 0.2% (3). However, even if there were any BMCs in the control group, this would have led only to diminished primordial follicle reserve and increased DNA DSBs in the controls, which would have reduced the effect estimate of BRCA gene mutations. The same goes for smoker status. The BMCs were nonsmokers, and the smoking status of the controls was unknown. Because smoking is associated with lower ovarian reserve (5) and increased DNA damage (30) , any smoking history in the controls would have reduced the likelihood of finding differences between the BRCA and control groups. Therefore, it is possible that the observed differences are actually conservative estimates.
Finally, strong biological rationale supports the findings of the current study. Primordial follicle oocytes endure a prolonged meiotic phase arrest, which creates exposure to decades-long external insults that can lead to significant accumulated DNA damage. DNA DSBs are the most severe form of DNA damage and, when unrepaired, can lead to carcinogenesis, cellular senescence, or apoptotic cell death. To prevent the dire consequences of such serious genomic damage, several complex repair mechanisms have evolved. Homologous recombination repair is a high-fidelity repair mechanism active in cells that are in the G2/M phase and appears to be the key DNA repair mechanism in oocytes (6, 24) .
Homologous recombination repair is regulated by the ATM-mediated DNA damage-signaling pathway, and BRCA1 and BRCA2 genes are key members of this pathway (2) . Mutations in these genes substantially increase the lifetime risk of breast, ovarian, fallopian tube, and primary peritoneal cancers because of deficient DNA repair and accumulation of carcinogenic mutations (3). We previously showed that deficient DNA repair results in the accumulation of DNA DSBs in oocytes, in turn resulting in the activation of apoptotic cell death. This led us to hypothesize that the lower primordial follicle density in the ovaries of BMCs is due to the elimination of DNAdamaged primordial follicles via the check mechanisms built into the ATM-mediated DNA damage response pathway (6) . In fact, our current finding of age-related accumulation of DNA DSBs in primordial follicle oocytes of BRCA1 carriers is consistent with this hypothesis. Because the BRCA1 gene plays a more intricate role in the ATM-mediated DNA damage response pathway than does BRCA2 and because the function of the normal BRCA1 allele declines earlier with age (4, 6, 24) , the more prominent association of BRCA1 mutations with lower ovarian reserve also has a strong biological basis. However, future studies may also reveal an effect of BRCA2 mutations on ovarian aging, as our limited subgroup analysis suggests.
We recently showed that DNA DSB repair mechanisms were acutely important for oocyte survival and that the oocyte's ability to repair DNA DSBs declined with age both in rodents and in humans. Our translational data showed that declining or inefficient activity in DNA repair mechanisms led to accelerated ovarian aging by accumulation of DNA damage, as manifested by reduced ovarian reserve and early menopause (5, 24) . The findings of the current study are in accordance with these earlier results and provide strong evidence for the role of BRCA1 gene and DSB repair in ovarian aging in humans.
Conclusion
Our controlled investigation provides direct evidence of diminished ovarian reserve and increased DNA damage in healthy BMCs. In addition to furthering our understanding of ovarian aging, our findings may be useful when counseling BMCs about reproductive planning. Although our study cannot directly indicate whether the future reproductive potential of young women with BRCA mutations is lower with advancing age, given that the preponderance of the evidence suggests a smaller primordial follicle pool and increased oocyte DNA breaks in mutation carriers, these women may have a disadvantage during later reproductive age (31) . Further prospective studies investigating the effect of BRCA mutations and DNA DSB repair deficiency on fertility and reproductive outcomes are needed. Furthermore, DNA repair may be an important target to explore in developing treatments for curbing oocyte aging.
